Glycocaulis albus sp. nov., a moderately halophilic dimorphic prosthecate bacterium isolated from petroleum-contaminated saline soil Two novel bacterial strains, SLG210-30A1 T and SLG210-19A2, which shared 99.9 % 16S rRNA gene sequence similarity with each other, were isolated from petroleum-contaminated saline soil in Shengli Oilfield, eastern China. Cells were Gram-stain-negative, motile, aerobic, mesophilic and moderately halophilic. They could grow chemoheterotrophically with oxygen as an electron acceptor. Morphologically, cells were typical Caulobacteria-type dimorphic prosthecate bacteria. The genomic DNA G+C contents of strains SLG210-30A1 T and SLG210-19A2 were 61.8 mol% and 61.6 mol% respectively. Strain SLG210-30A1 T had Q10 as the predominant respiratory ubiquinone, and C 16 : 0 (28.4 %), C 17 : 0 (11.6 %), C 18 : 0 (22.1 %) and C 18 : 1 v7c (14.0 %) as the major cellular fatty acids. The polar lipids of the two isolates were some glycolipids, a lipid, a phospholipid, an aminoglycolipid and an aminophospholipid (all unidentified). The 16S rRNA gene sequences of strains SLG210-30A1 T and SLG210-19A2 showed the highest similarities with Glycocaulis abyssi MCS 33 T (99.8-99.9 %), but low sequence similarities (,94.7 %) with type strains of other members of the family Hyphomonadaceae. However, the DNA-DNA relatedness of G. abyssi MCS 33 T to strains SLG210-30A1 T and SLG210-19A2 was 37.4±4.4 % and 36.1±1.1 %, respectively. Based on different physiological, biochemical, and phylogenetic characteristics, strains SLG210-30A1 T and SLG210-19A2 represent a novel species of the genus Glycocaulis. The name Glycocaulis albus is therefore proposed with strain SLG210-30A1 T (5LMG 27741 T 5CGMCC 1.12766 T ) as the type strain. An emended description of the genus Glycocaulis is also provided.
Gram-stain-negative, rod-shaped, fusiform or vibriod, and a strict aerobe possessing a prostheca. The DNA G+C content of G. abyssi MCS 33 T was 63 mol%, and it was catalase-, alkaline phosphatase-and leucine arylamidasepositive, and oxidase-negative, and had the highest 16S rRNA gene sequence similarity with the genus Maricaulis (Abraham et al., 1999) .
During investigations into microbial communities in petroleum-related environments, by both culture-dependent and -independent analyses, we found many bacteria belonging to the family Hyphomonadaceae (Wu et al., 2009; Tang et al., 2012; Sun et al., 2014) . Here, we describe two novel strains isolated from petroleum-contaminated soil in Shengli Oilfield, China, which shared 99.9 % 16S rRNA gene sequence similarity with each other. Although the novel strains had 99.8-99.9 % 16S rRNA gene sequence similarities with their most phylogenetically closely related strain G. abyssi MCS 33 T , low DNA-DNA hybridization values and different physiological and biochemical characteristics indicated they represented a novel species.
The isolation of strains SLG210-30A1 T and SLG210-19A2 was performed on Luria-Bertani (LB) agar (l 21 : 10 g tryptone, 5 g yeast extract, 10 g NaCl, 18 g agar; pH 7.0) by the 10-fold dilution plating technique (to10 26 dilution) at 30 u C. G. abyssi MCS 33 T (5LMG 27140 T ) used as a reference strain, was obtained from the BCCM/LMG Bacteria Collection.
After grown in LB medium at 37 u C for 1 day when cell growth reached exponential phase, the cell morphology of strain SLG210-30A1 T was observed by transmission electron microscopy (JEM-1230; JEOL) and Gram-staining was examined with light microscopy (Tindall et al., 2010) . The temperature range for cell growth was tested in liquid LB medium at 4, 15, 20, 25, 30, 37, 40, 45, 50 and 55 u C while NaCl and pH were kept at 1 % and pH 8.0, respectively. The salt requirement for growth was tested with NaCl concentrations ranging from 0-10 % (w/v) at 1 % intervals (Imhoff & Caumette, 2004) , while temperature and pH were kept at 37 u C and pH 8.0, respectively. The pH range for growth was tested at pH 4, 5, 6, 7, 7.6, 8, 8.6, 9 and 10 (Takai et al., 2002) , while temperature and NaCl were kept at 37 u C and 1 %, respectively. These tests were performed in triplicate with strains SLG210-30A1 T , SLG210-19A2 and G. abyssi MCS 33 T . Oxidase activity was tested with oxidase reagent (bioMérieux) and 3 % hydrogen peroxide solution was used to test catalase activity (Smibert & Krieg, 1994) . Hydrolysis of starch was performed on LB agar containing 0.2 % (w/v) starch (Williams et al., 1983) and production of H 2 S was analysed with standard methods (Lányí, 1987) . Anaerobic growth was detected by culturing strains in liquid LB medium covered with 3-4 cm depth of Vaseline. The tests of 24 enzymic activities (Table S1 , available in the online Supplementary Material) were performed with API ZYM and API 20NE kits (bioMérieux) (Lee, 2007) according to the manufacturer's instructions (Cai et al., 2011) . Biochemical characteristics including nitrate reduction, indole production and glucose fermentation were analysed using the API 20NE kit (bioMérieux) (Lee, 2007) according to the manufacturer's instructions. Again, these tests were made in triplicate with strains SLG210-30A1 T and SLG210-19A2, and in parallel with the reference strain G. abyssi MCS 33 T . The spectrum of carbon resource utilization was determined by using the Biolog GEN III MicroPlate and the API 20NE kit (the 69 and 12 carbon sources, respectively, are listed in Table S2 ). Before the test, cell suspensions were carefully washed three times with 0.86 % sterile saline solution. Bacterial resistance was assessed by the disc diffusion (Kirby-Bauer) method (Andrews, 2008) and the Biolog GEN III MicroPlate (the chemicals and their concentrations are listed in Table S3 ). The major respiratory quinones were extracted and analysed by HPLC fitted with a reversed-phase column as described by Komagata & Suzuki (1987) . Polar lipids were analysed with oneand two-dimensional TLC on Merck silica gel 60 F254 aluminium-backed thin-layer plates according to Kates (1972) and Collins et al. (1980) . TLC plates were sprayed with 1-naphthol for detection of sugar, ninhydrin for amino-groups, molybdenum blue for phospho-groups, and molybdatophosphoric acid for total lipids; since it was hard to show all lipids clearly, ninhydrin/molybdenum blue and ninhydrin/molybdatophosphoric acid were applied on the same plate separately to better show the relative position of each polar lipid. For fatty acid analyses, cells of strains SLG210-30A1 T and SLG210-19A2, and the reference G. abyssi MCS 33 T were grown on SPYEM plates [l 21 : 30 g sea salts (Sigma), 0.5 g NH 4 Cl, 20 ml of 506 PYE (l 21 : 100 g peptone, 50 g yeast extract), 2 ml of 50 % glucose and 5 ml riboflavin (0.2 mg ml 21 )] at 28 u C for 48 h (Abraham et al., 2004) , harvested and the cellular fatty acids were analysed with the Microbial Identification System (MIDI) according to the standard protocol (Wang et al., 2010) .
The genomic DNA of the two isolates and the reference G. abyssi MCS 33 T were extracted according to the Marmur method (Marmur, 1961) and their partial 16S rRNA genes were amplified with the primer set 8F (59-AGAGTTTGA-TCCTGGCTCAG-39) and 1492R (59-GGTTACCTTGTT-ACGACTT-39) (Embley, 1991) , and sequenced. Following alignments with the sequences of related strains in the family Hyphomonadaceae (Chun et al., 2007) , phylogenetic trees were reconstructed with MEGA software version 4.1 (Tamura et al., 2011) using the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) , and minimum-evolution (Rzhetsky & Nei, 1993) methods and distances were calculated with Kimura's two-parameter model and evaluated by 1000 bootstrap resamplings (Felsenstein, 1985) . To further distinguish the novel isolates from G. abyssi, the housekeeping gene gyrB in the three strains was amplified using primer set UP-1 (59-GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAA-RTTYGA-39) and UP-2r (59-AGCAGGGTACGGATGTG-CGAGCCRTCNACRTCNGCRTCNGTCAT-39), and then sequenced with primer set UP-1S (59-GAAGTCATCAT-GACCGTTCTGCA-39) and UP-2Sr (59-AGCAGGGTAC-GGATGTGCGAGCC-39) (Yamamoto & Harayama, 1995) . The midpoint values of the thermal denaturation (T m ) of the DNAs were determined by running the melting profile in a Hitachi U-2000 spectrophotometer and the DNA G+C contents were calculated according to the T m values with Escherichia coli K-12 as a control (Marmur & Doty, 1962) . DNA-DNA hybridizations among strains SLG210-30A1 T , SLG210-19A2, and G. abyssi MCS 33 T were determined according to the liquid hybridization methods of De Ley et al. (1970) at the temperature of optimal renaturation (T OR ) which was chosen as 77 u C according to the G+C mol%.
Cells of strains SLG210-30A1 T and SLG210-19A2 were Gram-stain-negative, rod-shaped, approximately 2.0-2.6 mm in length and 0.3-0.6 mm in width, with dimorphic prosthecate under the transmission electron microscope ( Fig. 1 ). Colonies on LB agar were faint yellow, round, convex, neat, wet and non-transparent. The strains could perform aerobic growth at temperatures ranging from 15-40 u C (optimum 25-37 u C); the growth pH values ranged from pH 7.0-8.6, and was optimal at pH 8.0; and the growth salinities ranged from 1-5 % (w/v) NaCl (optimum 1-3 %). Strain SLG210-30A1 T was positive for the activity of many enzymes including alkaline phosphatase, esterase (C-4), esterase lipase (C-8), leucine aminopeptidase, chymotrypsin, phosphohydrolase and b-glucosidase, while G. abyssi MCS 33 T was positive for the activities of valine aminopeptidase, trypsin and acid phosphatase, but not b-glucosidase. Strain SLG210-19A2 showed similar results to G. abyssi MCS 33 T . The activities of oxidase, catalase and amylolytic enzyme were all negative. Strains SLG210-30A1 T and SLG210-19A2, and G. abyssi MCS 33 T were incapable of reducing nitrate and benzpyrole, incapable of producing H 2 S with cysteine or performing glucose acidification (Table 1) . Among the 83 carbon sources tested (Table S2) , only six could be used by strain SLG210-30A1 T , they were Tween 40, acetoacetic acid, propionic acid, acetic acid, glucuronamide and b-hydroxy-L-butyric acid. In bacterial resistance tests, strain SLG210-30A1 T was resistant to tetrazolium violet, tetrazolium blue, lithium chloride, aztreonam, sodium butyrate, gentamicin, rifampicin, streptomycin, kanamycin, bacitracin, ofloxacin, amoxicillin, polymyxin B, vancomycin and roxithromycin at the concentrations listed in Table S3 , but susceptible to cefoxitin, penicillin, novobiocin, macrodantin, tetracycline, tobramycin, aeftazidime, ampicillin, amoxicillin, neomycin, cefotaxime, erythrocin, norfloxacin, 1 % sodium lactate, fusidic acid, D-serine, troleandomycin, minocycline, lincomycin, guanidine HCl, niaproof 4, nalidixic acid, potassium tellurite and sodium butyrate. The major fatty acids of strain SLG210-30A1 T were C 16 : 0 (28.4 %), C 17 : 0 (11.6 %), C 18 : 0 (22.1 %) and C 18 : 1 v7c (14.0 %), and the minor ones were C 14 : 0 , C 19 : 0 , C 12 : 0 3-OH, C 12 : 1 3-OH, C 18 : 1 v9c, 11-methyl C 18 : 1 v7c and 10-methyl C 17 : 0 (Table 2) . Strain SLG210-30A1 T lacked C 16 : 1 v7c/C 16 : 1 v6c and C 17 : 1 v6c, which were present in G. abyssi MCS 33 T (Table 2) , and G. abyssi MCS 33 T lacked C 12 : 1 3-OH and 10-methyl C 17 : 0 but had higher proportions of C 16 : 0 (33.6 %) and C 18 : 1 v7c (18.9 %) than strain SLG210-30A1 T . In addition, the hydroxy fatty acid C 12 : 0 3-OH was found in G. abyssi MCS 33 T and strains of species of the genera Oceanicaulis and Woodsholea, as well as strain SLG210-30A1 T , but was absent in strains of species of the genus Maricaulis, while C 12 : 1 3-OH was only found in strains of species of the genus Glycocaulis (Abraham et al., 2013) although in small amounts (,1 %). Strain SLG210-30A1 T contained 4 % C 12 : 1 3-OH, which was remarkably different from G. abyssi MCS 33 T and all the other strains of members of the family Hyphomonadaceae. Unfortunately, since strain SLG210-19A2 could not grow in SPYEM, its cellular fatty acids could not be analysed. However, its cellular fatty acids were analysed simultaneously with the other two strains after they were cultured in LB medium at 37 u C for 36 h (when the optical density reached 70 % of the maximum values). The fatty acids are also listed in Table S4 . The major quinone of the three strains was Q10 (87.8 %) while the minor ones were Q9 (1.5 %) and Q11 (10.6 %). The dominant polar lipids of strains SLG210-30A1 T and SLG210-19A2 were some unidentified glycolipids, an unidentified lipid, an unidentified phospholipid, an unidentified aminoglycolipid and an unidentified aminophospholipid ( Fig. 2 and Fig. S1 ), while G. abyssi MCS 33 T contained an unidentified aminolipid, unidentified lipids and some unidentified glycolipids ( Fig. 2 and Fig. S1 ). Strains SLG210-30A1 T and SLG210-19A2 were different from G. abyssi MCS 33 T in containing phospholipid, aminoglycolipid and aminophospholipid components. As for the three glycolipids, the migration rates were identical between the glycolipids from strain SLG210-30A1 T and those from G. abyssi MCS 33 T in the TLC diagram, which suggested they might be the same glycolipids sharing the same polarity. In addition, when analysed by Fast Atom Bombardment Mass Spectrometry (FAB-MS) (Abraham et al., 2013) , G. abyssi MCS 33 T was reported to have three glycolipids: 1,2-di-O-acyl-3-O-a-D-glucopyranosylglycerol (MGD), 1,2-di-O-acyl-3-O-a-Dglucopyranuronosylglycerol (MGDOx) and 1,2-di-O-acyl-3-[O-a-D-glucuronopyranosyl] glycerol-6'-Nglycine (GGG). These results could suggest that the glycolipids GL1, GL2 and GL3 from strain SLG210-30A1 T might be MGD, MGDOx and GGG, respectively. According Table 1 . Differential characteristics of strains SLG210-30A1 T , SLG210-19A2 and Glycocaulis abyssi MCS 33 T Strains: 1, SLG210-30A1 T ; 2, SLG210-19A2; 3, G. abyssi MCS 33 T . All data from this study except for cell size of taxa 3, taken from Abraham et al. (2013) . All strains are Gram-negative rods with prostheca; negative in activities of oxidase, catalase, a/b-galactosidase, b-glucuronidase, a-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase, arginine dihydrolase, urease, gelatinase and a-fucosidase; positive in activities of alkaline phosphatase, esterase (C-4), esterase lipase (C-8), leucine aminopeptidase, chymotrypsin and phosphohydrolase; and negative for indole production, nitrate reduction and glucose fermentation. The predominant quinone in all strains is Q10. +, Positive; -, negative; W+, weakly positive according to API ZYM procedure; ND, not determined; GL, glycolipid, PL, phospholipid; AGL, aminoglycolipid; APL, aminophospholipid; L, other unidentified lipid. *The growth conditions of strain G. abyssi MCS 33 T shown in the table were tested in LB medium in parallel with strains SLG210-19A2 and SLG210-30A1 T , and showed some differences from the data reported by Abraham et al. (2013) ; different medium being used may explain the phenomenon. The genomic DNA G+C contents of strains SLG210-30A1 T and SLG210-19A2 were 61.8 mol% and 61.6 mol%, respectively. The phylogenetic tree reconstructed with almostcomplete 16S rRNA gene sequences (both 1389 nt) by the neighbour-joining method showed that strains SLG210-30A1 T and SLG210-19A2 formed a stable branch closely related to G. abyssi MCS 33 T (Fig. 3) , which was supported by the trees calculated with the maximum-likelihood and minimum-evolution algorithms (Fig. S2 & Fig. S3 ). Wang et al. (2007) and Yamamoto et al. (1999) , two different species could be considered when the gyrB sequence similarity is less than 95 % between two strains.
From the above analyses, strains SLG210-30A1 T and SLG210-19A2 phylogenetically belonged to the genus Glycocaulis, but differed from G. abyssi MCS 33 T because of the low DNA-DNA relatedness values (,50 %) and low gyrB gene sequence similarities (,90.3 %). The polar lipid components also showed considerable differences between the two isolates and reference strain G. abyssi MCS 33 T as the former contained phospholipid, aminoglycolipid and aminophospholipid, whereas the latter did not. Furthermore, strains SLG210-30A1 T and SLG210-19A2 were different from G. abyssi MCS 33 T in the enzyme activities, antibiotic resistance, NaCl tolerance, carbon source spectrum and fatty acid contents. All these phenotypic, phylogenetic and genotypic similarities and differences could support the conclusion that strains SLG210-30A1 T and SLG210-19A2 represent a novel species of the genus Glycocaulis, for which the name Glycocaulis albus sp. nov. is proposed. An emended description of the genus Glycocaulis is also provided.
Emended description of the genus Glycocaulis
The description of the genus Glycocaulis is as given by Abraham et al. (2013) , with the following amendment. For polar lipids, phospholipids may be present. All nodes were also found in the trees generated with the minimum-evolution and maximum-likelihood algorithms. Bar, 2 nt substitution per 100 nt.
